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ABSTRACT. Chitin is one of the most studied biopolymers but the understanding of how it 1 
assembles from molecules to micro-fibers is still limited. Organisms are able to assemble chitin 2 
with precise control over polymorphism, texture, and final morphology. The produced hierarchical 3 
structure leads to materials with outstanding mechanical properties. In this study the self-assembly 4 
in aqueous solutions of β-chitin nano-fibrils, as far as possible similar to their native state, is 5 
investigated. These nano-fibrils increase their tendency to self-assemble in fibers, up to millimetric 6 
length and ≈10 µm thickness, with the pH increasing from 3 to 8, forming loosely organized 7 
bundles as observed using cryo-TEM. The knowledge from this study contributes to the 8 
understanding of the self-assembly process that follows chitin once extruded from cells in living 9 
organisms. Moreover, it describes a model system which can be used to investigate how other 10 
biomolecules can affect the self-assembly of chitin nano-fibrils.  11 
 3 
Introduction 1 
Chitin is the second most abundant natural biopolymer on earth1 and the most common one in the 2 
animal and fungi kingdoms. It has been found in arthropods, fungi, mollusks, etc.2,3 where it has 3 
been used for either protective, or structural purposes. Similarly to other structurally-related 4 
materials, such as cellulose,4 chitin forms different polymorphs: α-chitin, β-chitin, and γ-chitin5, 5 
whereby α-chitin, which is often found in arthropods,2 is the most common and abundant. α-chitin 6 
is characterized by an antiparallel packing of chains, leading to a strong network of hydrogen 7 
bonds.6,7,8 In contrast, polymeric chains within β-chitin, which is typical for mollusks9,10 and 8 
foraminifera,11,12 display a parallel orientation. This polymorph presents a weaker network of 9 
hydrogen interactions and a more opened structure when compared to the previous one.1,4,8 Finally, 10 
γ-chitin presents two chains arranged in parallel and one in antiparallel direction. This polymorph, 11 
however, is uncommon in nature.5,13 12 
Biogenic chitin, as well as other biopolymers,14,15,16,17 displays remarkable levels of 13 
organization9,18,19,20,21,22,23 that contribute to its material properties. Many studies aiming to 14 
synthetically replicate its structure and properties have been carried out.24,25,26,27 Despite all those 15 
attempts, natural chitin structures still outperform their synthetic analogues in many fields, as in 16 
mechanical performances,28 or controlling crystal precipitation.29 The different properties between 17 
the two chitins originates mainly from the precisely controlled hierarchical organization observed 18 
in the natural material, as opposed to synthetic ones. In other fields, such as optics, bioinspired 19 
chitin structures outperformed their natural analogues, but in this case different materials were 20 
used.30 21 
The chitin biogenesis process has not been completely understood.31 Most studies have been 22 
focused on fungi,32 because of their fast growth and abundance. The process has been observed to 23 
 4 
take place in three steps: i) the enzymatic synthesis of the polymer at the cytoplasmic-chitosome 1 
interface, ii) the translocation of the growing polymer across the membrane and its release into the 2 
extracellular space, and iii) its self-assembly to form crystalline micro-fibers combining with other 3 
sugars, proteins, glycoproteins, and proteoglycans until reaching a final structure.33 Although 4 
many studies targeted the chitin synthase in insects,34 the route leading to complex structures, such 5 
as arthropods’ exoskeletons, or wings, remains unexplored. Similarly, while a chitin synthase 6 
involved in shell formation was recently identified in mollusks, its biosynthetic pathway and how 7 
it leads to complex 3D architectures are still unknown.35,36 In calcifying organisms the 3D 8 
architecture of β-chitin fibers is specific to each mineralized tissue, and understanding its self-9 
organization represents an important scientific challenge. This specificity demonstrates the tight 10 
control that the mineral-forming cells exert over the assembly, and spatial organization of chitin 11 
at all hierarchy levels. Looking beyond the self-assembly process, the supramolecular organization 12 
of chitin is a crucial factor affecting the formation of inorganic phases, providing polymorph 13 
selection, influencing crystal texture, and – importantly - controlling the morphology of growing 14 
particles.37,38 15 
In this study we investigated the mechanism of β-chitin nano-fibrils assembly into micro-fibers in 16 
an aqueous solution. β-chitin was selected instead of the more common α-chitin for two main 17 
reasons: i) its more opened and hydrated structure could be more easily dispersed in water, and ii) 18 
it could convert to -chitin enabling us to study the best conditions for this phase transition. 19 
Chitin self-assembly is a biologically-relevant process, and its understanding will also help to 20 
describe the assembly mechanisms of other polysaccharide-based biopolymers that form highly 21 
ordered structures, such as cellulose. It will lead to new studies aiming to develop methods 22 
facilitating the production of highly organized fibrous biomaterials from cheap sources, and the 23 
 5 
development of bionic approaches to biopolymers. Since this particular biopolymer is also present 1 
in pathogens, such as fungi and pests, understanding the mechanisms of its supramolecular 2 
assembly can help with the development of new drugs targeting that process.  3 
 4 
Materials and methods 5 
Materials 6 
All reagents and solvents were purchased from Sigma Aldrich and utilized without any further 7 
purification. Squid pens from Loligo vulgaris were collected from a local market. Once hydrated, 8 
the lateral blades were isolated, cleaned with distilled water and ethanol 70 vol.%, and then stored 9 
dry. 10 
Squid pen de-proteination 11 
The β-chitin from the squid pen was purified from proteins by soaking about 1 g of the previously 12 
washed squid pens in 100 mL of a pH 2 HCl solution (10 mM) containing 20 mg of pepsin (an 13 
aspartic protease that breaks down proteins into smaller peptides).39 The solution was placed on a 14 
rocking table for 24 hours at 37 °C. After this first de-proteination, the squid pens were collected 15 
and washed carefully with distilled water. The wet squid pens were then re-immersed in 100 mL 16 
of a 100 mM phosphate buffer solution at pH 7.6 containing 20 mg of trypsin (a serine protease 17 
that hydrolyzes proteins).40 As in the previous step, the solution was placed on a rocking table at 18 
37 °C for 24 hours. The removal of proteins from the pen was evaluated by the disappearance of 19 
UV absorption peaks originating from tryptophan residues and observed at 280 nm using a Varian 20 
Cary 300 Bio spectrophotometer. 21 
 6 
β-Chitin nano-fibrils (β-CnFs) preparation 1 
A homogeneous dispersion of β-chitin nano-fibrils (β-CnFs) was obtained by placing 50 or 100 2 
mg of protein-free β-chitin, cut into about 0.5 cm2 square pieces, in 100 mL of an acetic acid 3 
solution at pH 3 (5.6 mM).41 The solution was stirred vigorously for 72 hours at room temperature. 4 
At the end of the process, a dispersion of CnFs was obtained. The dispersion was transparent, 5 
stable (for over 6 months), homogeneous, and highly viscous. 6 
β-CnFs self-assembly 7 
β-CnFs self-assembly was induced by changing the pH of 5 mL of freshly prepared (less than 24 8 
hours from preparation) β-CnFs dispersion. The pH change was induced using NaOH 1 M and 9 
measured using a pH-meter BASIC 20 (pH ± 0.01) by Crison Instruments coupled with a HI1048 10 
pH electrode (Hanna Instruments). The pH-meter was calibrated daily. The solutions were left for 11 
24 hours at room temperature (25 °C) without any stirring. The morphological analysis were 12 
performed without any further purification of the mixture. For structural analysis the samples 13 
assembled were frozen with liquid nitrogen and lyophilized using a FreeZone® 1 (Labconco Corp., 14 
Kansas City, MO, US). The obtained material was then dispersed in 10 mL of Pre-milliQ water 15 
and centrifuged at 2000 g for 5 minutes. After that time the solution was disposed and the process 16 
was repeated two more times. Finally, the fibers were lyophilized for the last time upon freezing 17 
with liquid nitrogen. 18 
β-CnFs self-assembly kinetics 19 
The self-assembly of β-CnFs was investigated as a function of time in a 0.5 mg mL-1 β-CnFs 20 
dispersions. 45 mL of freshly prepared dispersion (always less than 24 hours from preparation) 21 
were adjusted to different pH values in a test tube. At any reported time the solution was mildly 22 
 7 
stirred and 5 mL of dispersion were isolated, observed with an optical microscope, frozen using 1 
liquid nitrogen, and lyophilized. The obtained material was dispersed in 10 mL of Pre-milliQ water 2 
and centrifuged at 2000 g for 5 minutes, after that the solvent was disposed and the process 3 
repeated two more times. Finally, the fibers were lyophilized again upon freezing with liquid 4 
nitrogen. 5 
Optical microscopy observations 6 
Optical microscopy images were collected using a SM-LUX POL microscope equipped with a 7 
Miticam 5 5.0 MP camera. Right after the end of the assembly process the sample was stirred, a 8 
drop of sample was collected and placed on a microscope slide, covered with a cover slip, and 9 
observed immediately.  10 
Cross-polarized light images were used to carry out the fibers area unit coverage analysis. All 11 
images were collected using the same gain and exposition time. Each sample was screened to 12 
record a complete map of the glass slide and 12 images with no common areas, and with the higher 13 
surface covered were analyzed. Optical microscopy images were processed using Gwyddion, an 14 
open access software originally developed for the analysis of Scanning Probe Microscopy images 15 
but here used to have a quantitative evaluation of the material adsorbed onto the surface. Briefly, 16 
the chitin fibers present on the surface were detected by setting an intensity threshold (constant 17 
throughout all the images) and then the coverage was measured as the ratio between the covered 18 
and the total area. 19 
Electron and Probe Microscopy imaging 20 
Samples for AFM imaging were prepared by depositing 10 µL of the chitin material from the 0.5 21 
mg·mL-1 β-CnFs dispersion on a mica surface and gently drying them with a nitrogen flow.42 The 22 
 8 
AFM used was an AFM Multimode VIII controlled by the Nanoscope V electronic software 1 
package (Bruker, Santa Barbara, CA, US). The microscope was operated in the ScanAsyst mode 2 
and the cantilevers were ScanAsyst with an elastic constant of 0.40 N m-1. The length and height 3 
of the nano-fibrils were measured by analyzing AFM images with Gwyddion. The fibrils present 4 
on the surface were isolated from the background by selecting an appropriate threshold, and the 5 
height was measured as the maximum height with respect to the sample surface. The length was 6 
measured as the end-to-end distance. Considering that fibrils’ persistence length was longer than 7 
their actual length this value was a good approximation of their contour length. 8 
Cryo-TEM imaging was carried out using a FEI Tecnai F20 transmission electron microscope 9 
equipped with a Schottky field emission gun and operated at 200 keV. For sample preparation, 10 
cryo-TEM grids (R2/2 200 µm mesh Au/C, Quantifoil Micro Tools Gmbh) were plasma-treated 11 
using a Quorumtech Q150T Glow Discharge system for 45 seconds. Aliquots of 3 µl of the 12 
aqueous mixture containing the fibrils/fibers, right after the assembly time considered, were 13 
applied to the cryo-TEM grids. Samples were then vitrified in liquid ethane using the FEI Vitrobot 14 
(Mk IV) plunge freezer and loaded to a Gatan cryo-holder cooled to 77 K with liquid nitrogen. 15 
Images were recorded on an 8k x 8k CMOS TVIPS F816 camera. 16 
Structural analysis  17 
Fourier-transform infrared spectroscopy (FTIR) spectra were collected using a Nicolet IS10 18 
spectrophotometer. Omnic software (Thermo Electron Corp., Woburn, MA) was used for data 19 
processing and baseline correction. The samples were prepared as KBr pellets and the sample 20 
concentration was 2 wt.%. The spectra were obtained with 4 cm−1 resolution and 64 scans. 21 
 9 
X-ray diffraction patterns were collected using a PanAnalytical X'Pert Pro diffractometer equipped 1 
with multi array X'Celerator detector using Cu Kα radiation generated at 40 kV and 40 mA (λ = 2 
1.54056 Å). The diffraction patterns were collected in the 2θ range between 4° and 25° with a step 3 
size (Δ2θ) of 0.05° and a counting time of 100 s. Each pattern collection was repeated at least 4 
twice on different samples. 5 
Determination of the degree of acetylation (DA) 6 
The degree of acetylation (DA) of the chitin was determined using solid-state nuclear magnetic 7 
resonance (NMR). The NMR experiments were performed on a Bruker Advance spectrometer 8 
operating at the frequency of 300 MHz for proton (equipped with a 4 mm MAS BB probe) using 9 
the combined techniques of crosspolarization (CP) and magic angle spinning (MAS). Field 10 
strengths corresponding to 90° pulses of 4.5 μs were used for the matched spinlock cross-11 
polarization transfer 1H to 13C. The contact time was 1 ms, and the recycle delay 10 s. A typical 12 
number of 500–3000 scans were acquired for each spectrum. The chemical shifts were externally 13 
referred by setting the carbonyl resonance of glycine to 176.03 ppm. Glycine full width at half-14 
height better than 27 Hz. The spinning speed was set at 8000 Hz for all samples. The signals 15 
assignment, reported in Figure S1, was done according to literature.43 The DA was calculated as 16 
ratio between the CH3 signal of the acetyl and the average signal of the six carbon of the ring, 
43 17 
as follows: DA = {ICH3 / [(IC1 + IC2 + IC3 + IC4 + IC5 + IC6) / 6] } *100.  18 
 19 
Results 20 
β-CnFs preparation and characterization 21 
 10 
Squid pen is composed of proteins, which constitute ca. 60 wt.%, and β-chitin, which constitutes 1 
about 40 wt%, plus other minor components. β-chitin was isolated from proteins using proteolytic 2 
enzymes at acidic and physiological pH, as shown in Figure 1A. The de-proteination process was 3 
monitored by measuring the absorption of tryptophan residues at 280 nm (Figure 1B). The spectra 4 
showed that this peak disappeared completely following the treatment, which confirmed the 5 
complete removal of proteins, at least those containing tryptophan residues.  6 
 7 
Figure 1. (A) A picture of a squid pen and the de-proteinized β-chitin. (B) The UV spectra of a 8 
squid pen (green), chitin after the first enzymatic treatment (brown), and purified β-chitin (blue). 9 
(C) AFM of the β-CnFs. (D) XRD of a squid pen (green), purified β-chitin (blue), and of a dried 10 
β-CnFs dispersion (red). The XRD patterns were shifted on y–axis for the sake of clearness. 11 
 11 
Optical microscopy confirmed that acidic treatment at pH 3 after the de-proteination process 1 
caused the disaggregation of the β-chitin samples in β-CnFs (Figure 2). At a concentration of 0.5 2 
mg.mL-1 or lower, only few disordered aggregates were present, which were not birefringent when 3 
viewed under polarized light. This indicates the absence of crystalline micro-fibers and that the β-4 
CnFs were dispersed by the treatment at low pH. Indeed, AFM analysis on dry samples of β–CnFs 5 
at the same concentration revealed the presence of dispersed nanofibrils (Figure 1C). Size 6 
measurements revealed two main groups of fibrils with different maximum average lengths,  160 7 
± 50 nm and 340 ± 150 nm respectively, and their height was (2.5 ± 0.3) nm (Figure S1); the latter 8 
value may be influenced by the applied load.44 At a concentration of 1.0 mg mL-1, on the other 9 
hand, few birefringent microfibers were still present.  10 
 12 
 1 
Figure 2. Optical microscopy images of β-CnFs self-assembled at different conditions of pH and 2 
concentration. On the left, β-CnFs assembled using a 0.5 mg·mL-1 dispersion. On the right, β-CnFs 3 
assembled using a 1.0 mg·mL-1 dispersion. For each concentration an optical image and one with 4 
cross-polarizers is reported at pH 3 and 8. Scale bars: 250 µm. Beneath each condition a graph 5 
with the fiber coverage at different pHs is shown. 6 
 7 
The XRD patterns reported in Figure 1D showed that the squid pen, the chitin isolated using 8 
enzymatic digestion, and the β-CnFs dispersion, all conserved the β structure. A shift of the (010) 9 
diffraction peak at lower 2θ angle was observed in the purified β-chitin sample. This increment in 10 
the unit cell parameter was likely due to the hydration associated to the swelling in the de-11 
proteination treatment.  12 
 13 
Solid-state 13C NMR demonstrated that the preparation of β-CnFs did not result in the 1 
deacetylation of the chitin. The degree of acetylation was above 95 % after the protease treatment, 2 
and remained above 93 % in the β-CnFs, after dispersion in acetic acid at pH 3 (Figure S2). It was 3 
not possible to determine the degree of acetylation in the squid pen, due to the overlap of chitin 4 
and protein signals.  5 
   6 
β-CnFs self-assembly 7 
Since an acidic environment is required for a stable β-CnFs dispersion, we investigated the effect 8 
of pH in the self-assembly of the dispersed nanofibrils into microfibrils. This process was followed 9 
using bright field and polarized light optical microscopy, whereby the presence of birefringent 10 
microfibers was confirmed. Two concentrations of β-CnFs were studied: 0.5 mg·mL-1, and 1.0 11 
mg·mL-1. The lower concentration resulted in a homogeneous CnFs dispersion, and the higher one 12 
gave a mixture of CnFs and micrometric fibers that did not disassemble during the acidic treatment.  13 
We quantified the fibers coverage at each of the pH conditions, as presented in Figure 2. The 14 
largest area coverage was observed between pH 7 and 8.5 for the 0.5 mg·mL-1 concentration. The 15 
higher concentration sample (1 mg·mL-1) showed a similar coverage across all the investigated pH 16 
conditions above pH 8. At pH 8.5 the two concentrations studied showed a similar fiber coverage 17 
(Figure 2 and Figure S3). The average thickness of the fibers at the two concentrations was also 18 
similar and not statistically different: 11 ± 2 µm for the dispersion at 0.5 mg·mL-1, and 13 ± 3 µm 19 
for the dispersion at 1 mg·mL-1 (t-test, p = 0.05, ν > 150). The maximum thickness of the fibers 20 
was 18 µm and 15 µm in the β-CnFs 1.0 mg·mL-1 and 0.5 mg·mL-1 dispersion, respectively. The 21 
 14 
length was not quantified because the fibers presented a high degree of entanglement and cross-1 
linking, as can be observed in Figure 2. 2 
XRD analysis confirmed that chitin was present as the β polymorph in all of the assembled fibers, 3 
except that at pH 12. At pH 12 a reduction of the unit cell parameters, which is in agreement with 4 
a β- to α-chitin transition, was detected in the X-ray diffraction pattern. As shown in Figure 3, such 5 
transition was not visible using FTIR analysis, which showed only the absorption bands originating 6 
from the β polymorph (Figure S4).  7 
 8 
Figure 3. XRD patterns, on the left, and FTIR spectra, on the right, recorded for β-CnFs assembled 9 
at pH 3 (red), 8 (green), and 12 (blue). 10 
 11 
The kinetics of β-CnFs self-assembly at pH 3, 8, and 12 were studied for an aging time from 10 12 
min to 72 hours using the 0.5 mg·mL-1 β-CnFs dispersion. This particular concentration was 13 
selected because it allowed a better evaluation of the self-assembly process due to the absence of 14 
starting microfibers. The pH 3 was selected as the most unfavorable condition for self-assembly. 15 
The kinetics at pH 8 was investigated since at this pH the higher density of assembled micro-fibers 16 
was observed. The experiments at pH 12 were carried out to investigate when the reduction of the 17 
 15 
unit cell parameters occur. At pH 3 few aggregation processes were observed. After 72 hours, only 1 
few non-birefringent fibers that were several micrometers in length were present (Figure S6). In 2 
the β-CnFs dispersion at pH 8, on the other hand, birefringent micrometric fibers were observed 3 
in less than 10 minutes. Those fibers continued to grow, mostly in length, until growth termination 4 
was observed between 24 and 48 hours (Figure S5). At pH 12, first micro-fiber appeared after 10 5 
min and the low birefringent micro-fibers growth process was terminated after less than 6 hours. 6 
XRD patterns (Figure S6) indicated that the reduction of the unit cell parameters occurred in less 7 
than 10 minutes, before the self-assembly process started. 8 
Finally, the pH screening revealed a big increment in the microfiber density while transitioning 9 
from pH 4 to pH 5. The kinetic study showed that the assembly was less favored at more acidic 10 
pH value (see Figure S7 and Figure S8).  11 
The optical microscopy data provided information about the assembly of the chitin nanofibers at 12 
the micrometer scale. To gain a mechanistic understanding of this process at the nanometer scale, 13 
cryo-transmission electron microscopy was used. The study was performed on the 0.5 mg·mL-1 14 
solution, considering the undesired micro-fibers presence observed in the higher concentration 15 
sample (1 mg·mL-1). As shown in Figure 4, the assembly occurred in three different steps. Initially, 16 
isolated nano-fibrils of 6.4 ± 0.7 nm in diameter and about 100 nm in length were present, 17 
apparently not interacting with each another (Figure 4A). 30 seconds after the pH increment the 18 
fibrils were observed increasing their length to several hundreds of nanometers, with a diameter 19 
of 6.9 ± 0.7 nm (Figure 4B). Those longer fibrils did not show a significant difference in diameter 20 
considering the instrument resolution. At 3.5 minutes the fibrils underwent lateral aggregation, 21 
forming thicker and loosely organized bundles (Figure 4C, and 4D). Further self-assembly after 22 
 16 
longer time periods could not be visualized due to the increasing fibers thickness, which eventually 1 
prevented electron transmission. 2 
 3 
 4 
Figure 4. Cryo-TEM images of CnFs self-assembled at pH 8. The four different stages of the 5 
assembly process are reported: a) at the start of the self-assembly, b-d) different stages observed 6 
after 30 seconds. White circles on a-c: 10 nm gold nanoparticles used as fiducial markers. Scale 7 
bars: 200 nm. 8 
 9 
 17 
 1 
Discussion 2 
β-CnFs preparation and characterization 3 
The aim of this research was to investigate the self-assembly process of β-CnFs in their native 4 
aqueous environments. To achieve this goal the first objective was to produce β-CnFs while 5 
avoiding the degradation or deacetylation of the N-acetyl D glucosamine residues. For this reason, 6 
a mixture of proteolytic enzymes was used, as opposed to the harsh alkaline treatments at high 7 
temperatures usually reported in literature.1 8 
Although proteolytic enzymes promote degradation of squid pen’s proteins at physiological pH, 9 
usually they do not diffuse into the structure. Because chitin swells at acidic pH values45,46, pepsin 10 
– optimally active at acidic pH – was used. Under these conditions the enzyme diffused into the 11 
squid pen and catalyzed the degradation of the proteins in the whole material. Such a swelling, 12 
crucial for the enzyme diffusion, was preserved by keeping the pen hydrated during the trypsin 13 
enzymatic peptides hydrolysis at physiological pH. Subsequently, β-CnFs were obtained in a mild 14 
acidic environment exploiting the friction forces induced by the mechanical mixing. In this way 15 
the β-chitin films disassembled to β-CnFs. The fibrils obtained showed a diameter of 6.4 ± 0.7 nm, 16 
when observed in the hydrate state using cryo-TEM, and one of 2.5 ± 0.3 nm, when observed dry 17 
using AFM. It is possible that the dehydration of the nanofibers for AFM measurements resulted 18 
in the shrinkage of the structure, hence the difference in the diameter obtained from the two 19 
techniques. Alternatively, it is also possible that the load applied during the AFM measurement 20 
resulted in the compression of the nanofibril and hence a smaller diameter. 21 
 18 
It is important to note that the disaggregation of the squid pen into β-CnFs under acidic conditions 1 
was only possible after proteinase treatment. Similarly, digestion of the chitin using chitinase was 2 
only possible after the squid pen was deproteinated. These results suggest that proteins in the squid 3 
pen may have a protective role against chitin disassembly, and biodegradation in physiological 4 
condition. 5 
It natural matrices chitin is not completely acetylated47,48 and the amino groups of the deacetylated 6 
chitin units are hypothesized to covalently bind proteins. The chitin obtained from the proteolytic 7 
enzyme digestion had a DA above 95%. The free amino groups were protonated during the acidic 8 
disassembly of chitin favoring its disaggregation by electrostatic repulsions. Chitin with lower DA, 9 
obtained from alkaline treatments, was observed to disaggregate in the same experimental 10 
conditions as used here. Interesting, no disaggregation was reported for DA below 83% and above  11 
55%.49 Considering the high DA and the insolubility of more deacetylated chitins, we estimate that 12 
the disaggregation observed was due partially to charge repulsion between the amino groups and 13 
mostly to a swelling of the regions between the crystal domains due to the squid pen structural 14 
organization, visible by the swelling of the material. As a result, mechanical stirring forces cause 15 
the dispersion of nanofibrils. This observation would explain why nano-fibrils and not single 16 
molecules were obtained, why the disassembly kinetic was slow, and why the disassembly worked 17 
only under strong the mechanical action of the stirring bar (only a strong swelling was observed 18 
without stirring). Overall, all the above observations indicate that the ≤ 7% of positive charge 19 
present in the CnFs at pH 3 contributed to the stabilization of the nanofibril dispersion. 20 
β-CnFs self-assembly 21 
 19 
The choice of β-CnFs as starting material to investigate the self-assembly has been guided by two 1 
main reasons: (i) when single polymeric chains are used they always assemble in α-chitin;50 (ii) in 2 
biological systems the interaction of chitin with other molecules, as proteins, occurs when chitin 3 
is already assembled in nano-fibrils.9,51,52,53 4 
The β-CnFs self-assembly was induced by increasing the pH. The pH controlled self-assembly of 5 
materials in biological systems has been already observed in other bio-macromolecules,54,55,56 and 6 
is relevant in the biomineralization of biominerals.57,58 In this context the identification of the pH 7 
value at which the self-assembly occurs can provide information on the features of the biological 8 
site where the assembly takes place.  9 
The results of the present study of β-CnFs self-assembly provided at least four novel pieces of 10 
information. First, pH 7-8.5 is the optimal range for the formation of the micro-fibers starting from 11 
the 0.5 mg·mL-1 β-CnFs homogeneous dispersion. Interestingly, this pH range includes 12 
physiological pHs,59,60 and that of seawater, which ranges between 8.0 and 8.2.56,61 This result 13 
shows how chitin assembly can occur compatibly inside the living organism, as in cephalopods 14 
internal skeletal matrices,9,62 or as an external process. This last possibility includes processes 15 
where the pH is that of sea water, as in marine calcifying organisms,63,64 and processes where the 16 
pH is defined by the fluids secreted by the animal, as for terrestrial insects’ exoskeletons. 17 
Moreover, these pH values are relevant in the precipitation process of calcium carbonate, a mineral 18 
that is commonly associated to chitin in calcified tissues.65,66 In the pH range 7-8.5 the deposition 19 
of calcium carbonate almost does not occur, while it takes place at pH ≥ 8.5. This indicates that 20 
the assembly of β-CnFs to form β-chitin fibers occurs before the precipitation of calcium carbonate 21 
takes place. This hypothesis is in agreement with the current model of preformed organic matrix 22 
guiding the textural organization of calcium carbonate crystals.67 23 
 20 
A second finding is the polymorphic stability of the β-CnFs even at pH 12, as deductible from the 1 
combination of the FTIR and X-ray diffraction data. They show that only a unit cell parameter 2 
contraction occurs (from 10.24 ± 0.06 Å to 9.8 ± 0.1 Å for the (010) peak). It is reported that the 3 
β- to α-chitin transition occurs at room temperature in very alkaline ([OH-] > 10 mol·L-1)68 or 4 
acidic ([H3O
+] > 7 mol·L-1)45,46 solutions, or in non-aqueous solvents50 and that this process always 5 
occurred after a disassembly to single molecules and a successive reassembly.49 It could be 6 
speculated that the contraction of the unit cell might be an initial step for a structural β- to α-chitin 7 
re-organization that does not affect the polymorphism of the β-CnFs.  8 
The third point is related to the extent of the self-assembly as a function of the β-CnFs 9 
concentration. Despite the fiber’s thickness, evaluated at pH 8.5, was not significantly different 10 
for the two concentrations, the maximum fiber’s thickness in the 1.0 mg·mL-1 concentration is 11 
higher than the 0.5 mg·mL-1 one (about 18 µm and 15 µm respectively). Qualitatively the 1.0 12 
mg·mL-1 concentration showed also longer fibers compared to the 0.5 mg·mL-1 one. These 13 
observations do not fit just with the doubling of the concentration. It has to be considered that in 14 
the 1.0 mg·mL-1 β-CnFs heterogeneous dispersion some micro-fibers were still present from the 15 
disassembly process. These fibers could act as template for the β-CnFs assembling. This possibility 16 
is intriguing because in living organisms chitin deposition can occur also on previously assembled 17 
fibers. Moreover, despite showing shorter and thinner final β-chitin fibers, the lower concentration 18 
exhibited a comparable coverage in the image analysis, meaning that more fibers nucleated in the 19 
process. This result, combined with the two different pH range of preferred self-assembly, may 20 
indicate the fibers’ preference to nucleate in the pH range between 7 and 8.5 and to grow at pH 21 
over 8.5. 22 
 21 
The last finding comes from the analyses of the cryo-TEM observations. The β-CnFs were 1 
observed to assemble in three distinct steps: i) increase their length, ii) assemble in 1D organized 2 
bundle, and iii) assemble in bundles of bundles until getting their final dimension. It was not 3 
possible to detect a relevant increment in the fibrils thickness in the first step. However, during 4 
their growth the β-CnFs started aggregating laterally as well, forming loosely packed bundles. In 5 
nature chitin fibrils are frequently wrapped in a protein folder, as in insect cuticle,[44][45] nacre 6 
organic matrix,51 or in the squid pen.9 Our observations indicate that these proteins play a crucial 7 
role in the perfectly registered chitin self-assembly. Alternatively, the disordered assembly could 8 
have resulted from the rapid change of the environment. Since the presence of buffer molecules 9 
can affect β-CnFs nucleation and aggregation, the chemical system was kept as simple as possible, 10 
controlling the pH only by adding an acid or a base. 11 
It could be argued that the self-assembly of the nanofibers was caused by the deprotonation of the 12 
primary amines in the deacetylated monomers once the pH was raised above the pKa of the amino 13 
groups (about 6.369,70,71,72), effectively eliminating the electrostatic repulsion between nanofibrils. 14 
Here, we note that the DA of the β-CnF dispersion was at ≥ 93%. We hypothesize that these 15 
charged units play an important role in the stability of the nano-fibrils in water and that their 16 
deprotonation was the first trigger for chitin assembly.. Considering, however, that only ≤ 7 % of 17 
the monomeric units were deacetylated, it is likely that deprotonation is not enough to drive the 18 
self-assembly, and that other  forms of intermolecular interactions are also involved. Indeed, if the 19 
self-assembly was only caused by the deprotonation of the amino groups, one would expect the 20 
aggregation of the nanofibrils to occur at pHs closed to 6.3, where already less than 3.5% (50% of 21 
the amino groups) of the chitin units are charged, rather than 8. The slight decrease in the coverage 22 
for the 0.5 mg·mL-1 dispersion at pH over 8.5 also would not be expected. 23 
 22 
These results show a propensity for the β-CnFs to aggregate in large 1D organized structures 1 
(micrometric in diameter and millimetric in length) despite their non-specific interactions. We 2 
speculate that in living organisms proteins provide a greater control over the chitin fibrils self-3 
assembly process (especially in lateral packing), and direct their growth towards organized macro-4 
structures. 5 
 6 
Conclusion 7 
The aim of this research was to study the self-assembly of β-CnFs into β-chitin fibers in aqueous 8 
environments. Our first objective was to design an experimental system where chitin would exhibit 9 
features as close to the natural material as possible, and would be able to self-assemble. This goal 10 
was achieved by preparing stable dispersions in acidic conditions of β-CnFs from the squid pen β-11 
chitin. Self-assembly process was triggered by increasing the pH of those dispersions to mild basic 12 
values whereby the kinetics of that process was regulated by the adjustment of the starting pH. 13 
The main discoveries, on β-CnFs self assembly to fibers, utilizing this system have been: 1) the 14 
nucleation is favored around pH 8, which is very close to both physiological, and seawater pHs; 15 
2) they maintain the β-polymorph for the whole process, showing a shrinkage of the unit cell 16 
parameter at basic pH; 3) the self-assembly is favored on previously grown fibers; 4) they grow 17 
preferentially at pH above 8.5 up to a maximum value in thickness. 18 
The β-CnFs self-assembly observation by cryo-TEM showed a three-step process. Firstly the β-19 
CnFs self-assembled and increased their length, and then formed bundles that finally aggregated 20 
into fibers until they reached macroscopic dimensions. Beside these important and novel 21 
information, the β-CnFs water dispersions represent an adaptable and flexible platform to study 22 
 23 
chitin self-assembly and chitin interaction with structural chitin-binding proteins, as much as any 1 
other chitin-interacting molecule. 2 
 3 
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